Abstract This review focuses on recent advances in understanding protein folding kinetics in the context of nucleation theory. We present basic concepts such as nucleation, folding nucleus, and transition state ensemble and then discuss recent advances and challenges in theoretical understanding of several key aspects of protein folding kinetics. We cover recent topology-based approaches as well as evolutionary studies and molecular dynamics approaches to determine protein folding nucleus and analyze other aspects of folding kinetics. Finally, we briefly discuss successful all-atom Monte-Carlo simulations of protein folding and conclude with a brief outlook for the future.
INTRODUCTION
Although no method exists that can reliably predict the native structure of a protein from its sequence, our understanding of mechanisms that govern protein folding has progressed considerably. Such progress was achieved by means of intensive experimental and theoretical studies of a broad class of small proteins and simple generic lattice and off-lattice models.
In theory, major insights came from folding simulations of simplified lattice and off-lattice models. Simplicity and computational efficiency of these models made it possible to simulate thousands of folding-unfolding events to obtain a detailed statistical description of the folding process in model proteins. Furthermore, it was also possible to model the evolution of proteins under various selective pressures. Although these models do not match the full complexity of real protein architecture, they capture a core aspect of the physical protein folding problem: Both real proteins and simplified lattice and off-lattice proteins find a conformation of the lowest energy out of an astronomically large number of possible conformations without prohibitively long exhaustive search. By simulating folding and evolution of simple model proteins, theoreticians gained insights into general properties of amino acid sequences that are required to provide stability and fast folding to model proteins. First, to exhibit cooperative folding transition and to fold fast, the native structure must be a pronounced energy minimum separated from the rest of the structure by a large energy gap. Second, selected protein sequences fold by nucleation mechanisms whereby a small number of residues (folding nucleus) need to form their native contacts in order for folding reaction to proceed fast into the native state.
As always, important developments create new challenges for theoretical and experimental research:
1. Can one predict/rationalize which residues contribute most to the folding nucleus given the sequence and the native structure of a protein? 2. How can one predict the stability and folding rate of a protein? At least, how can one predict changes in the stability and folding rate upon single mutation? 3. What is the evolution of the folding nucleus and folding kinetics in general? Are nucleation residues under stronger evolutionary pressure than the rest of the protein core?
A number of recent studies addressed these questions using a variety of techniques. In this review, we survey many of those recent works and emphasize their strong and weak points.
The structure of this review consists of the following: First, we introduce basic concepts essential for understanding further material. Next, we turn to discussion of recent theoretical studies and some experimental works. Finally, we summarize major conclusions and directions of further research that seem to us most important for understanding protein folding.
BASIC CONCEPTS

Cooperativity: Two-State Thermodynamics and Kinetics of Protein Folding
The concept of cooperativity is one of the most basic and fundamental for protein folding studies. Privalov and coworkers (96) applied the van't-Hoff criterion to evaluate the cooperativity of denaturational transitions for several proteins. They found, with a high degree of accuracy, that small single-domain proteins fold like two-state systems with only folded and unfolded states being (meta) stable, whereas all intermediate-partly folded-states are unstable ( Figure 1 ). More recently, Jackson & Fersht (51) showed that folding of a small protein, chymotripsin inhibitor 2 (CI2), can be considered also as a kinetically two-state process in which partly folded states are not significantly populated in the process of folding. Subsequently, many more proteins were found to fold kinetically and thermodynamically as two-state systems. A list of such proteins as well as the data on their thermodynamics and kinetics are presented in an extensive review by Jackson (50) .
The discovery of remarkable cooperativity of protein folding [akin to firstorder phase transition for a finite system (109) ] inspired many theoretical and experimental studies aimed at explaining it. Earlier models (partly reviewed in 52) considered factors such as polymer collapse (98) , side-chain packing (109) , directional or three-body interactions (47) , or special folding pathways (23) as possible explanations.
More recently, cooperativity of protein folding received detailed explanation within analytical heteropolymer theory. Phenomenological (10) and microscopic statistical-mechanical theories (89, 100, 102, 110, 111) converged on the view that sequences that had undergone evolutionary selection fold cooperatively, whereas random sequences do not. Several simulation studies support this view (1, 45, 46, 103) .
In a recent analysis (13, 54) , Chan and coworkers analyzed cooperativity in various types of lattice models and found that of all studied sequence models, only three-dimensional models with twenty types of amino acids (Chan studied the same three-dimensional 36-mer sequence as was used in reference 42) feature folding cooperativity comparable to that of natural proteins. Two-dimensional models and hydrophobic polar (HP) models were found to be far less cooperative than real proteins. These results vindicate earlier detailed predictions from analytical models (3, 89, 100, 104) .
The requirement of protein-like cooperativity narrows down the selection of viable models to study folding kinetics.
Transition State Ensemble and Folding Nucleus
Consider the folding of a protein that has two-state kinetics. In this case, folding proceeds through a single free-energy barrier. The height of the transition state, G ‡−D , controls the rate of folding:
where C is a constant. Approximate best fit experimental value of C = 10 6 s −1 (36) . The transition state is not a single protein conformation. Rather, it is an ensemble of conformations (transition state ensemble, TSE) (104) . Correspondingly, it is the free energy of the TSE, G ‡−D , that determines folding rate (the number of conformations constituting the TSE is as important in determining protein folding rate as energy of the TSE).
The concept of TSE is a natural generalization of the concept of the transition state in chemical kinetics to protein folding with important consideration that folding occurs in a highly multidimensional space. Simple chemical reactions can be characterized by one (or very few) reaction coordinates (RC). The unique role of the reaction coordinate in chemical kinetics is that it provides a relation between the structure of the reagents (coordinates of the nuclei) and the time course of the reaction. Specifically, the value of RC can serve as a predictor of the transmission coefficient for the reaction: The top of the barrier separates the region where the flux is toward the products from the region where the flux is toward the reactants. In a simple chemical reaction described by a one-dimensional RC, the separation occurs at one particular value of the RC that is the transition state. In the case of complex protein folding reaction, no single RC is found at this point (see below; 30). Nevertheless, the concept of TSE, which is more general than RC, still applies. Indeed, the signature of a transition state in chemical kinetics is that the transmission coefficient for reactions that originate from TS is one half. If one imagines a statistical ensemble of reacting molecules, each starting a reaction from the transition state configuration, half of the molecules in the ensemble transform fast to products, and half of them transform back to reactants. This view can be generalized to multidimensional protein folding reactions: The TSE can be defined as a set of conformations such that folding trajectories starting from each of them have probability p fold = 1 / 2 to reach fast and downhill folded state before unfolding, and p = 1 / 2 to reach the unfolded state before folding. Apparently the TSE is a separatrix in multidimensional conformational space that separates the basin of attraction for the folded state from that of the unfolded state. The folded basin of attraction (called postcritical in reference 2) consists of conformations that are committed to fast folding: Every folding trajectory starting from any conformation belonging to the postcritical ensemble reaches the folded state fast prior to unfolding via directed downhill motion in configurational space. It is very important to note that folding dynamics from postcritical conformations (PCCs) are qualitatively different from those starting from any conformation before the transition state. In the former case, a steady descent to the native state occurs (Figure 1) , whereas in the latter case, the dynamics feature a two-state character: Most of the time the chain appears to be making stochastic fluctuations with no apparent progress toward the folded state until at some moment it passes one of the conformations belonging to TSE and then rapidly jumps to the native state [in the time scale of total folding simulation, the descent from a TSE conformation to the native state looks like a jump, whereas on a finer time scale it represents a gradual biased descent (Figure 1) ].
The nucleation concepts of protein folding kinetics were proposed and tested in the context of lattice models (2) . The postcritical set of conformations for a simple 36-mer protein was determined, and it was directly verified that simulations that start from any of the conformations from this postcritical set indeed reach the native state via directed dynamics that no longer involve crossing of a major free-energy barrier ( Figure 1 ). Furthermore, it was shown for the same model that dynamics starting from any PCC remains fast even at very low temperature (1), in contrast to dynamics that starts from an arbitrary non-PCC. This is the most direct verification that dynamics from postcritical conformations no longer involves major barrier crossing, which is energetic at low temperatures (1) .
Which features distinguish conformations belonging to TSE and postcritical conformations from all other conformations? The nucleation theory suggests that fast-folding proteins have a small substructure (set of interactions) common to most of the conformations constituting the TSE. This substructure is called a folding nucleus (Figure 1) . Stabilization of the folding nucleus lowers free energy of the TSE, G ‡−D . This factor accelerates folding. Along the same line of arguments, destabilization of the folding nucleus leads to slower folding.
In most studied proteins and protein models, conformations in the TSE feature a certain set of native interactions between residues. Hence, a conformation with an assembled nucleus may look like a distorted native conformation, sometimes with large unstructured loops. The nucleus corresponds to a cluster of interacting residues that brings together different parts of the chain. Some of those residues are usually located far from each other along the sequence and form large unstructured loops when they are brought together to build the nucleus. Some proteins, however, have a nucleus with a partially formed secondary structure. In these cases, along with long-range interactions, short-range interactions that stabilize formed secondary structures contribute to the stability of the nucleus. The nucleation mechanism does not require secondary structure elements to be formed before the transition state is reached. In contrast to diffusion-collision and hierarchical folding models, secondary structure may be formed simultaneously with the folding of tertiary structure.
Several mechanisms alternative to nucleation were discussed in recent literature.
Folding Funnels
Originally, "folding funnels" were introduced (67) to indicate a special requirement of kinetic accessibility for a few viable native structures in 27-mer lattice models. However, subsequent lattice simulations did not support the view that only special structures are kinetically accessible (simulations presented to support this view did not appear to be statistically significant). Correspondingly, the concept of the folding funnel has transformed into an intuitive reflection of the fact that the native state of a protein represents deep energy minimum; that is, most contacts in the native state are stabilizing. This view makes it natural to explain the solution of the folding problem by the energetic bias that rewards every move towards the native state (the energetic funnel) (14) . While such a landscape picture has some appeal due to its simplicity and artistic beauty, the funnel concept and related pictorial landscapes may be misleading. In fact, such a view contradicts experimentally observed exponential folding kinetics (7) . The funnel picture also contradicts numerous lattice simulations where direct descent to the native state occurs at the very late (in time) stage of folding trajectory after the transition state is passed.
The major weakness of the funnel concept is that it downplays the importance of conformational entropy in the folding kinetics. It is the free energy, not the energy, that determines the direction and the timecourse of the protein folding reaction. The folding process is driven by opposing thermodynamic forces: the conformational entropy and the energy (enthalpy) of the residue-residue interactions. While the native state has the lowest energy, it also has the lowest conformational entropy. Before the transition state is reached, the conformational entropy dominates (i.e., formation of a new native interaction leads to a greater loss of the entropy than gain in the energy) and the process goes up-hill in free energy. After the transition state is passed, the process is dominated by the energy; that is, the energy gained upon formation of a new native interaction is greater than the loss of the conformational entropy. The process goes down-hill in free energy. Conformational entropy is the crucial component of the free energy balance in protein folding that metaphoric landscape pictures fail to take into account.
Diffusion-Collision Mechanism
A possible kinetic mechanism alternative to nucleation is suggested by framework or diffusion-collision models (DCM). These hierarchical models stipulate that folding starts from the formation of local stable structural elements, which serve as preformed units for subsequent stages of folding (6, 53) .
The key difference between the nucleation mechanism and the hierarchical or DCM process is that they provide the qualitatively different predictions concerning the effect of mutations on folding rate. The DCM predicts that stabilization of any local secondary structures element (an α-helix or β-strand) will always lead to acceleration of folding. In contrast, the nucleation mechanism predicts that the strength of tertiary contacts formed in the transition state may be primary determinants of the folding rate (49, 14) . According to the nucleation mechanism, stabilization of local structure accelerates folding rates only if a particular element is structured in the TSE.
The relative importance of secondary versus tertiary interactions in determining folding rates was studied experimentally for a number of proteins, including the activation domain of carboxypeptyidase A (CPA) (84) , CheY (84), the helical coiled-coil GCN4 (32, 82, 85, 116) , GB1 domain (19) , its structural homologue protein L (57a), λ-repressor (12), and ribosomal protein L9 (73) . In all cases, secondary interactions play no role or only a minor one in determining folding kinetics. Instead, strong and specific longe-range hydrophobic contacts seem to play a dominant role. Numerous experimental observations suggest that DCM is unlikely to provide a realistic description of folding kinetics for small proteins.
Nevertheless, in a recent simulation of a simplified coarse-grained off-lattice model, Zhou & Karplus showed that the DCM scenario can be observed under certain conditions. Specifically, these authors found that under conditions at which helices in isolation are stable, folding of a three-helix bundle Go-model protein may proceed via DCM. Because in most experimentally studied cases isolated helices are hardly marginally stable (33, 34, 84) , it remains to be seen whether the DCM observed by Zhou & Karplus can be found in real proteins.
THEORETICAL STUDIES
Experimental results (16, 41, 44, 49, 75, 77) , along with a number of computational studies for a variety of models (see below), establish nucleation as a plausible kinetic folding mechanism for small proteins consistent with the cooperative character of their thermodynamics (2, 11, 89, 103, 111) . [This does not exclude possible hierarchical mechanisms for higher-order structural organization of proteins such as quaternary structure or multidomain arrangement (49, 76) ].
While general validity of the nucleation mechanism of protein folding can be considered established for many small proteins, several crucial details remain unclear. In particular, it is very important to understand what determines the folding nucleus. Protein topology or sequences? This question is closely related to the problem of protein evolution (80, 81) . While there are certain indications from simulations and experiments that protein structure may be a strong determinant of nucleus location (2, 15, 17, 75, 80) , a complete understanding of what determines the spatial location of the folding nucleus has not yet been reached. Another important question concerns the relative importance of short-versus long-range interactions in nucleation. Recent interesting observations by Plaxco and coworkers concerning a correlation between contact order and folding rate (92) may provide a clue for more in-depth theoretical analysis of this issue. These questions are evolving as central to the field of protein folding (17, 19, 39, 80, 81) . Addressing them has been the focus of theoretical studies of folding mechanisms carried out by many groups over the past years.
Determining TSE in Computer Simulations of Simple Models
One of the key issues in computational studies of protein folding kinetics is determination of TSE. Several authors chose to derive TSE from equilibrium (87, 101) or umbrella (113) sampling by determining a one-dimensional free-energy profile for a certain order parameter. Free energy is defined as:
where f(A) is the frequency of observing the value of order parameter A in the range (A, A + A).
The maximum on the plot F(A) at some value of A * is identified with the transition state. Presumably, TSE consists of conformations with A = A * . This approach was first used by Sali et al to determine the TSE for a lattice 27-mer model (101) . Q, a normalized number of native contacts, was chosen as an order parameter for sampling (101) . This choice was motivated by earlier analytical studies of random and designed heteropolymers (100, 101) where Q, the overlap with the native state, was shown to be a key order parameter in thermodynamic analysis.
Later Onuchic and coauthors (87, 115) used the same approach of equilibrium sampling and the same order parameter Q to derive TSE for a related 27-mer lattice model. These authors proposed a "multiple delocalized nuclei" model (87) as an alternative to the specific folding nucleus (SFN) mechanism proposed earlier by Abkevich et al (2) , who used a different method of search for the TSE. The arguments against SFN (87) were based on the observation that in the ensemble of conformations having Q = Q * no specific contacts or interactions were clearly dominant.
However, the approach to determine the TSE from equilibrium sampling of any order parameter may be problematic. Du et al directly evaluated the correlation between order parameter Q and transmission coefficient p fold for various lattice models and found no correlation between the two (30) . More specifically, the distribution of p fold in the ensemble of conformations with Q = Q * was found to be very broad, ranging from 0 to values close to 1. This analysis suggests that Q is not a viable RC for protein folding. Further studies by Angerman & Shakhnovich (unpublished results) and by Li et al (69) supported this conclusion, again showing no correlation between Q and p fold (i.e., between Q and TSE) for various models. This analysis clearly shows that it may not be correct to determine the TSE from equilibrium sampling (8, 87, 113) . The reason for failure of equilibrium or umbrella sampling methods to provide an adequate low-dimensional description of kinetics, and the TSE was explained in more detail (104) .
The TSE for complex systems, such as protein folding models, can be determined only directly from kinetics in the cases when RC is not known (2) . An approach to determine TSE from kinetics was proposed (2) . This study focused on contacts that appeared on a steep part of folding trajectories ( Figure 1 ) just preceding a folding event in time. Special attention was paid to check explicitly that conformations identified are indeed postcritical (that they feature p fold = 1).
A related approach was taken (69) to study the folding nucleus in a more complex model, cubic lattice with side chains (59) . Conformations that were close in time to the native state yet had low structural similarity to it (Q ≈ 0.40) were identified as putative PCCs. Each of these was subjected to the test of running simulations that started from these conformations. Only a small fraction of putative PCCs turned out to be real (with p fold > 1 / 2 ), committed to fast folding. This calculation made it possible to identify a folding nucleus in the lattice model with side chains, and interestingly, a few nonnative interactions were found to play an important role in determining the folding nucleus in this model. This finding helped to rationalize some experimental observations with SH3 domains (41, 75).
Another approach to determine TSE in lattice simulations was proposed (42) . A virtual protein engineering (PE) study was carried out for a lattice model protein where each residue was mutated to all 19 possible alternatives. Folding and unfolding rates of the mutants were determined and φ-values were obtained using a standard definition (49) . In comparison with real experiments, the simulations have two major advantages: (a) The TSE and the intermediates can be evaluated independently from simulations by other methods (see above) without resorting to the PE analysis. This provides a valuable reference point to evaluate strengths and weaknesses of the PE method. (b) Artificial mutations that change the energy of certain particular contacts are possible in simulations. This provides a way to evaluate the degree to which specific (native and nonnative) contacts are formed, without the PE analysis being obscured by the fact that real mutations change a multitude of contacts simultaneously. The results of the study provide detailed guidelines for interpreting PE experiments. The results support the view that the PE approach may be a good way to evaluate TSE provided that multiple mutation scans are made. On the other hand, the analysis (42) pointed to certain limitations of the PE method. The most important of them is that φ-values get unreliable when mutations result in small changes in stability, G. The main reason is not an obvious increase in error bars when the denominator gets smaller, but rather a possible peculiar compensation effect of competing strong interactions of various magnitude and sign (see details in 42).
Furthermore, the analysis (42) addressed the issue of the temperature dependence of the TSE. This analysis provided, for the first time, a microscopic interpretation of considerable temperature shifts in φ-values that were observed in CI2 by Fersht and coworkers (86) .
Perhaps the most direct way of determining the TSE was suggested by Du et al (30) and later used (24, 24a, 88, 89a, 90) . [A similar method was introduced by Karplus and coworkers to find the transition state for activated processes in proteins (85a) .] The idea of the method is to find a set of conformations that have p fold ≈ 1 / 2 . This is achieved by starting simulations from numerous conformations obtained from folding or unfolding trajectories. The main disadvantage of the method is its extreme computational intensity. Using this method, Dinner & Karplus (24a) studied folding of 125-mer on the cubic lattice. In accordance with earlier observations (79), they found the fast and the slow track trajectories. Slow folding is attributed to the trapping in the off-pathway misfolded conformations. The trapping occurs before the TSE is reached.
Several kinetic methods of analysis applied to lattice models of various degrees of complexity provided a consistent view on the character of PCCs that share a common folding nucleus. However, this conclusion was questioned by Klimov & Thirumalai (60) who studied similar lattice models but failed to detect a specific nucleus. The reason for this discrepancy was explained (105): Klimov & Thirumalai collected and analyzed conformations that appear prior in time to reaching the native state (i.e., they collected putative PCCs). These authors failed to check which of the putative PCCs are actual postcritical ones (with p fold > 1 / 2 ). This test is a crucial part of the search for PCCs. Only a small fraction (less than 20%) of putative PCCs are actual ones (committed to fast folding) (69) . Thus, the analysis of Klimov & Thirumalai has a technical problem that prevented them from correct determination of the actual set of PCCs.
The kinetic analysis of simulations, when properly applied to lattice model MC simulations, points to a specific nucleus as the defining feature of the PCCs.
Nucleation in Off-Lattice Models
How universal is this conclusion? Is it transferable to a more realistic, off-lattice model and/or another dynamic simulation algorithm? This question was addressed in a recent publication (28) where off-lattice folding was simulated using discrete molecular dynamics (27, 122) . The authors used a Go model (116a) to study folding of a small (56 residues) off-lattice protein. The thermodynamics of this model was presented in detail in an earlier publication (27) where the folding transition was cooperative. The search for a folding nucleus in the off-lattice model (28) consisted of the analysis of conformations obtained in deep equilibrium folding and unfolding fluctuations. The idea of this analysis is that partly unfolded conformations that are committed to immediately returning back to the folded state are the conformations that retain a folding nucleus, while fluctuations from partly folded conformations that return back to an unfolded state represent conformations that have not formed the folding nucleus. Comparison of such "folded-folded" fluctuations with "unfolded-unfolded" ones made it possible to identify the folding nucleus in the off-lattice Go-model of a protein. Further testing showed that fixation of nucleus contacts eliminated the barrier between folded and unfolded conformations, whereas fixation of the same number of control nonnucleus contacts did not change the landscape qualitatively and retained the barrier (Figure 2 ).
Topology May Define the Folding Nucleus: Key Findings from Simulations and Experiment and Its Evolutionary Implications
The results of lattice and simple off-lattice simulations resulted in a remarkable conclusion that the location of the folding nucleus may be determined to a greater extent by the native structure than by the details of sequence that fold into that structure. This discovery was made in 1994 by Abkevich et al (2) . It was found that the folding nucleus was identical for 30 sequences designed to fold into the same lattice conformation, despite the fact that sequences were quite different. It was concluded that the nucleus location is determined primarily by the native Figure 2 Specific nucleus mechanism in the off-lattice model. Permanent fixation of a nucleus contact 10-40 eliminated the barrier between the folded and unfolded state (A, dashed curve), while fixation of a control nonnucleus contact did not change the character of the folding transition (A, dotted curve). Below are equilibrium folding trajectories for the original wild-type chain (B) and one with a fixed nucleus contact (C ). TR denotes the transition region of energies where the TSE belongs. conformation (2). This conclusion was further supported by lattice-model studies where two 48-mer sequences were designed, using different potentials, to fold to the same conformation. These sequences were found to have identical folding nuclei (107) (despite the fact that different amino acids were placed in the nucleus locations for different potentials). Other evidence in favor of the primary role of structure in determining the folding nucleus comes from the simulations of the off-lattice Go-model (28) where all native interactions are of the same magnitude and yet a specific nucleus was found.
The evolutionary implications of the primacy of structure over sequence in determining the folding nucleus were realized (80) where it was pointed out that each structure may feature special nucleation positions that serve as "accelerator pedals" for folding into that structure. The folding rate then can be controlled by placing specific amino acids into those positions that make the nucleus stronger or weaker depending on the rate requirements. In a dramatic demonstration of this principle, sequences evolved under selection pressure to fold fast. The simulated evolution protocol consisted of random mutations that were accepted if mutant sequences folded faster and were rejected otherwise. One thousand independent folding runs were made if a mutation was accepted in order to obtain an unbiased estimate of the current wild-type folding rate. A slight variance between estimates of folding rate for various runs provided noise to the algorithm, resulting in some instances when slightly slower folding mutants were accepted. This is analogous to temperature in more traditional Monte-Carlo techniques.
The selection algorithm provided a large number of fast-folding sequences for lattice model proteins. Statistical analysis of them showed that the selection pressure was applied primarily at the nucleus position for that structure. In particular, nucleus contacts were enforced by amino acids that strongly attracted each other. It is interesting to note that in another run of the evolutionary algorithm for the same structure, another family of fast-folding sequences was generated that had the same striking feature of an enforced nucleus. The nucleus for the new family was identical to that for the previously generated family, although the types of amino acids placed there were different. For both independently generated families, the nucleus positions were among the most conserved ones in intrafamily alignment.
The evolutionary implications of these findings were explored and further analyzed (80, 81, 87a; see below).
Experimental results demonstrate that proteins sharing the same fold and a very low sequence similarity have similar structure of the transition state (15, 17, 41, 44, 75, 75a, 90a, 100a, 121) . In other words, the same secondary structure elements are involved in the formation of the folding nucleus. Furthermore, changing the connectivity of a protein through circular permutations modifies the TSE (120) .
On the other hand, mutations in the folding nucleus can accelerate protein folding by almost two orders of magnitude without affecting protein topology (37) . There are also examples of proteins having similar folds in which the folding nucleus is found experimentally in different regions of the protein [U1A, S6 and Ada2h (117, 121) , protein G and protein L (57a, 76a), SH3 domain and Ssso7d (41a)].
The key conclusion made from lattice model studies, that native structure may determine the folding nucleus (2, 80, 107) , inspired a series of experimental works seeking to test/verify this conclusion (15, 44, 121) and a number of computational approaches attempting to predict the TSE and the folding nucleus from the native structure for several real proteins (4, 5, 18, 39, 83, 94, 114) .
The role of the native structure in determining essential features of the folding kinetics was further highlighted by the observation of correlations between folding rates and certain structural properties of native proteins (92 ). Clearly, local interactions can be formed fast and can even be present in the unfolded state under native conditions (95) . Hence, it is natural to assume that higher content of local interactions (as in the helical proteins) leads to faster folding.
On the other hand, several proteins of the same fold topology were shown to fold with very different folding rates. The main examples here are proteins of the immunoglobulin domain (k f H2O = 1.5−155 s Plaxco et al (92) suggested that the average distance between residues interacting in the native state (contact order) can be used as a general descriptor of protein topology to correlate topology with the folding rate. Contact order is defined as
where δ ij = 1 if residues i and j are in contact and 0 otherwise; N is the total number of contacts, and L is the protein length. For a number of two-state folding proteins, contact order was reported to exhibit a statistically significant correlation with the log of the folding rate in water (log k f
H2O
) (50, 83, 92) . In a recent study, Dinner & Karplus (23a) focused on the role of stability and topology of the native state in determining the rates of folding. They trained neural networks to reproduce k f of 33 proteins from their CO and G. In contrast to (92), they carefully cross-validated the results by leaving aside each group of structurally related proteins while training the network. Prediction of k f using CO alone gives correlation r = 0.73. Stability G/N and CO taken together yield r = 0.79, whereas stability alone gives r = 0.37. While emphasizing the role of stability in determining the folding rate, these results support topology as the main determinant to the folding rate.
Why Does Contact Order Correlate with Folding Rate?
The contact order is clearly related to secondary structure: α-helical proteins have large numbers of local contacts and hence have low contact order. In contrast, β and α/β proteins have many distant or nonlocal contacts and hence have greater contact order. Because helical proteins (on average) fold faster than β and α/β proteins, an obvious anticorrelation between folding rate and contact order emerges. However, contact order was suggested to capture more of protein topology than just secondary structure.
We decided to check whether contributions other than helical content are important for correlation between CO and the folding rate. We express contact order as
where f = N local /N is a fraction of local contacts, i.e., contacts between residues i and j, such that |i − j| ≤ 4; L local = ( |i− j| ≤ 4 δ i j |i − j|)/N local is the average separation between residues forming local contacts; and L distant is the average separation between residues forming distant (|i − j| > 4) contacts. This way of presenting CO separates terms that come from the helix/turn content ( f ) and those that take into account the actual distribution of local and distant contacts in the native structure (L local or L distant ).
The question is which of the three components, f, L local , or L distant , correlates with log k f
H2O
. For this test we have chosen a challenging family of proteins, all having the same α/β-plait fold, but no evident sequence similarity. Importantly, the six studied proteins span folding rates from 0.23 s −1 to 897 s −1 . . From this example, we conclude that it is the content of local contacts that makes CO correlate with the folding rate, not the fine details of contact distribution, sequence separation of distant contacting residues, etc. In Equation 2, one can substitute |i − j| with 1 for all local contacts and with 0 for all distant ones and get greater correlation with log k f H2O for most of R c values. Figure 4 shows how contact order and fraction of local contacts predict folding rates for α/β-plait proteins at 7Å cutoff.
Detailed distribution of loop lengths, however, is important when the folding rate of loop-insertion mutants is discussed. Recently, Fersht suggested a model that links contact order to the change in folding rate upon loop-insertion mutation (37) . He showed that when a loop of n residues is extended by l residues, the change in the entropy of the TSE is given by S ∼ log(1 + l/n) ∼ l/n for l n. This, in turn, leads to the increase in the activation free energy, G ‡ = E − T S ∼ −l, and a decrease of folding rate, log k f = G ‡ ∼ −l. On the other hand, loop extension leads to linear increase of the contact order ( CO ∼ l) and hence log k f ∼− CO. Experimental data for CI2 and SH3 fit this linear model very well, with the slope of the same order of magnitude as predicted by Fersht's model.
Fersht also emphasized the importance of specific interactions in the folding nucleus as primary determinants of folding rate. Clearly these interactions are missing from the contact order, which takes into account only the entropic term. For example, mutations in the folding nucleus of CI2 do not change the contact Table 1 . Summation is over all contacts such that i ≤ j + 2.
order much (if at all), but result in a three order of magnitude change of the folding rate, from 2.4 s −1 for the double mutant A16GI57A to 2300 s −1 for R48F. Jackson (50) , in her review of single-domain proteins, presents an example of ROP protein, which upon mutations in the hydrophobic core, starts folding (and unfolding) three orders of magnitude faster. Several other examples clearly demonstrate that topology is not the sole determinant of the folding rate.
Simple Models: Topology-Dependent Free Energy Functionals
Munoz & Eaton suggested a simple statistical model to predict folding rates and φ-values for two-state proteins (83) . In their model, each residue can be in one of two states (native or denatured). In the native state, a residue loses s of entropy (the value depends on its secondary structure) and gains e of energy from interactions with other residues that are in the native state. The energy of the interactions between two residues depends on the number of contacting atoms. In order to reduce the number of configurations in the model, only one or two regions of the native structure are permitted simultaneously in a protein. Each of these regions is a continuous part of the chain where all residues are in the native state. A crucial simplification is that a residue interacts only with other residues in its native region and not with residues of another region. Basically, the native regions are independent and, hence, the long-range interactions are downplayed. Dependence of the entropy of a loop on the loop length is also ignored. Despite these simplifications, predicted folding rates correlate well (r = 0.87) with the experimental ones. This is an improvement compared to simple contact order predictions (see above). This improvement, however, comes at a cost of many adjustable parameters used in the model: two values of s, the diffusion coefficient D, and most importantly, the energy of an atomic contact ε that is chosen separately for each protein. The authors generated a set of ss and εs that are consistent with protein thermal stability, but then chose values from this set that minimized the squared residuals between the observed and calculated folding rates for the 18 two-state proteins. Adjustment of 18 εs to fit folding rates for every protein severely diminishes the predictive power of the method. It is unclear how well the method will perform without adjustment of parameters to maximize correlation with the data the method seeks to predict. Computed φ-values for CI2 have very low correlation with experimental ones (correlation coefficient not reported). The use of noninteracting native regions eliminates the possibility of a transition state with natively interacting residues separated by denatured loops. A related model was developed by Alm & Baker (4) . Similar to the model of Munoz & Eaton (83) , each residue can be in either of the two states, and only the conformations with one or two stretches of the native residues are considered. The free energy of a conformation is computed differently. It has three terms: (a) The attractive interactions of the native residues are proportional to their buried area (both hydrophobic and polar); (b) the entropic cost of ordering a residue is proportional to the number of native residues; (c) the entropy of the loop between the two native stretches is proportional to the log of the loop length. Importantly, interactions between the two stretches are still ignored; that is, each stretch is contributing independently, and its contribution to the energy does not depend on the length or amino acids in the other stretch. Kinetics is modeled by a series of steps of extension/shrinking of the stretches by one residue. This allowed full enumeration of the states and identification of the lowest free energy path from the fully unfolded to the fully folded state. Transition states (peaks on the free energy) were obtained from the low energy paths and used to compute the folding rates and φ-values. Parameters of the model were adjusted to maximize correlation with the experimentally observed φ-values of CI2, SH3, and barnase. The model fails to predict the folding rates better than the contact order. Predicted φ-values, however, show good correlation r = 0.5.0.87 for five out of seven studied proteins (two of these five were not used to adjust parameters). The φ-value prediction fails for procarboxypeptidase activation domain and for L protein. Unfortunately, only correlation coefficients were presented, and detailed predictions for the studied proteins were not reported (4), making it difficult to evaluate which aspects of the transition state were correctly predicted by the model.
The model developed by Galzitskaya & Finkelstein (39) combines detailed atom-atom treatment of the interaction energy with the loop entropy computed in a way similar to the calculations of Alm & Baker (4) . Up to four stretches of interacting native residues are allowed in this model. Importantly, in contrast to models described above, Galzitskaya & Finkelstein explicitly consider interactions between the individual residues belonging to different stretches. This model has only one adjustable parameter. A dynamic programming technique is used to find transition state conformations, defined as peaks on the lowest energy path from the unfolded to folded state. Although approximate, dynamic programming produces a reasonably good correlation between computed and experimentally measured φ-values for three of five studied proteins (CI2 r = 0.56, barnase r = 0.54, CheY r = 0.50, α-spectrin SH3 0.39 with only six experimental points). φ-values obtained for src SH3 do not correlate with experimental ones. The use of dynamic programming became possible at the expense of a strong unphysical assumption that local unfolding is excluded on each pathway.
Each of these three models involved strong assumptions that were difficult to justify on physical grounds. Probably the most striking one is the assumption that each amino acid can be in two states, native and denatured, and the ability to be in the native state is independent of the state of all other residues. Such an assumption is normal for one-dimensional systems but may be inappropriate for three-dimensional proteins because the native state of a residue depends on its contact with structural neighbors. The folding process is assumed in these models to propagate via native interactions, and distant parts of the protein can interact in the models of Munoz & Eaton (83) and Alm & Baker (4) only when all residues between them are native, i.e., the configurations where long loops connect interacting parts (see Figure 4 of reference 49) are excluded. Consecutive residues are grouped into effective ones and local unfolding is excluded (39) . Importantly, the Munoz-Eaton and Alm-Baker models are fundamentally one-dimensional. Therefore, they cannot reproduce the folding phase transition, and hence, they may not be fully adequate for description of the folding energy landscape.
Success of these models may be due to the fact that they implicitly explore some simple features of the native structure that may be correlated to some extent with φ-values. This was addressed in a recent work (N Dokholyan, L Li, E Shakhnovich, manuscript submitted) where correlation between φ-values and the number of contacts that an amino acid makes in the native structure was studied. Pronounced correlation was observed in 6 of the 11 proteins studied, making this very simple analysis comparable in performance with the models studied (4, 39, 83) . This is even more striking given that the analysis (N Dokholyan, L Li, E Shakhnovich, manuscript submitted) did not involve any adjustable parameters or assumptions in contrast with other studies. However, it is important to note that the success of all oversimplified models (4, 39, 83 ; N Dokholyan, L Li, E Shakhnovich, manuscript submitted) can be considered as only moderate, making the need for a more consistent physical theory of folding kinetics, which is free of uncontrollable assumptions, even more pressing.
Shoemaker and coauthors (114) proposed a more rigorous approach based on presenting a free energy of the protein chain as a phenomenological functional of all formed native contacts {Q ij }. The functional contains many empirical terms and parameters such as contact energies as well as many additional ad hoc cooperativity terms introduced to account for several cooperativity effects caused by polymer connectivity. The entropy contribution is in the form of a combination of Jacobson-Stockmayer loop entropy terms, taken independently for each contact, with the additional contribution corresponding to entropy reduction due to formation of µ quenched contacts. Additionally, an entropic contribution of a combinatorial form, yet related to each individual contact, is included. The TSE was assumed to consist of all conformations having a given number Q * of native contacts; the value of Q * was taken from experiment (114) . The authors evaluated the probability of each contact by minimizing their free-energy functional with respect to each individual contact under the additional condition that the total number of native contacts equals Q * . A number of parameters were adjusted in the model, and a fair agreement between the predictions for TSE and experiment was reported.
While such an agreement is encouraging, it is difficult to say what is the main physical reason for it: The free-energy functional featured many terms that do not follow from microscopic analysis, and it is not quite clear which ones are responsible for the observed results.
A related approach was taken by Clementi and coauthors (18), who also assumed that all conformations with a specific number of native contacts corresponding to the maximum of the curve F(Q) of free energy versus Q constitute the TSE. These authors simulated the off-lattice simplified models of several proteins using Go-type energetics that biased both interaction energies and bond and dihedral angles toward their native values [the latter contributions from angles were necessary to get a maximum on the F(Q) curve obtained in equilibrium sampling using a multiple-histogram method]. Obtained TSE conformations were reported to be in reasonable agreement with experimental φ-values.
Another interesting approach to determine kinetically hot residues was developed by Demirel et al (22) , who used the Gaussian network model (GNM). The basic idea of the GNM is to consider a protein structure as an elastic network of harmonic interactions between contacting residues. The frequency of fluctuations in the network is computed for each residue. Residues with high frequency are called kinetically hot. Demirel et al report that kinetically hot residues in CI2, Cytochrome C, and CheY correspond to positions "critically important for the stabilization and folding process." It is unclear whether the GNM is able to separate residues important for stability from those crucial for folding kinetics. Another question is whether the GNM frequency of a residue is more informative than a simple solvent accessibility. Although elegant and physically motivated, the GNM predictions of kinetically hot residues need to be compared with more up-to-date φ-value measurements.
EVOLUTIONARY STUDIES
A Successful Blind Prediction of Folding Nucleus from Conservation
A first successful prediction of the nucleus residues from protein structure was made (107) , where many sequences were designed to fit the structure of CI2 with low energy. Positions conserved among the designed sequences were identified as the putative nucleus, and blind predictions were made as to which residues belong to the folding nucleus. Remarkably, subsequent experiments (49) independently corroborated the theoretical predictions. It was pointed out (107) that the method was successful probably because the sequence design procedure was able to identify a contiguous tight cluster of strongly interacting residues and conservatively placed the most strongly interacting amino acid types there. Interestingly, comparison of the design entropy with conservation in a family of aligned real sequences homologous to CI2 (taken from the HSSP database; 26) revealed remarkable conservation in the nucleus positions as predicted from sequence design simulations (107) . Clearly, it was not appropriate to consider just a correlation coefficient between predicted and observed conservatism; in real sequences, positions can be conserved for many biological or historical reasons unrelated to the nucleation mechanism or even to structural factors (active site conservation). Nevertheless, the positions where design entropy is consistent with conservatism derived from sequence alignment may point to positions that are conserved for structural, rather than functional, reasons because sequence design is sensitive only to structural energetic factors. It is interesting to note that for several conserved nucleus positions, the design simulations were able to correctly predict amino acid types, suggesting that real protein sequences may indeed have been optimized for stability (that is, the optimization strategy adopted in design). Furthermore, the agreement between natural sequences and designed ones in conserved positions suggested that the energy function used in these design simulations was meaningful, despite the simplicity of approximation (contact interactions between C β atoms at a contact cutoff distance of 7.5Å).
Success in prediction of the folding nucleus from conservatism analysis motivated researchers to look at other proteins. In a series of papers, Ptitsyn carried out a detailed analysis of conservatism in distant yet related by sequence homology members of the cytochrome C (97) and myoglobin (99) families. In both cases, highly conserved clusters of residues without an obvious functional role were found. It was suggested that the amino acid residues forming those clusters constitute folding nuclei for their respective proteins. Michnick & Shakhnovich (78) carried out an analysis of conservation for families of three structurally related proteins-ubiquitin, raf, and ferredoxin.
At sites where there was a correlation of low entropies between designed and natural sequences, additional tests were applied: In order to qualify as a putative nucleus, amino acids at these positions had to be conserved both in ubiquitin and raf families and make contact with at least one of the other conserved sites (to form a nucleating cluster). Such stringent criteria made it possible to identify seven potential nucleation sites in ubiquitin and raf. Most of them are aliphatic hydrophobic amino acids in both proteins. However, importantly, not all hydrophobic core residues were identified as nucleation sites in this analysis (e.g. 7 out of 16 sites in raf and ubiquitin). While there is no φ-value analysis of ubiquitin folding transition state, the predicted nucleus postitions are equivalent to positions in structurally homologous protein L that were found to be conserved in fast-folding sequences that emerged in evolution-like phage-selection experiments (57).
Folding Nucleus, φ-values, and Evolutionary Conservation
A recent paper by Plaxco et al (91) addresses the question of whether high φ-value residues are more conserved than low φ-value residues. By comparing conservation of low and high φ-value residues in six proteins, they came to a conclusion that in most of the cases high φ-value residues are not more conserved than the residues that have low φ-values. This result comes as no surprise. However, this almost obvious observation (see below) does not justify the conclusion made by the authors that the folding nucleus is not more conserved than the rest of the protein. Why do we expect no straightforward correlation between the φ-values and the conservation?
First, buried (mostly hydrophobic) residues are known to be more conserved than the rest of the protein, on average. Many of those buried amino acids are irrelevant for kinetics: They are conserved to provide protein stability and hence exhibit low φ-values. Each family of homologous proteins also has several residues conserved for functional reasons (active/binding site) or historic reasons (not enough evolutionary time to diverge). Hence, one would expect any φ-values for highly conserved residues. Second, low φ-value is not a very good reference set, as PE analysis usually focuses on somewhat buried residues, which in turn, tend to be more conserved. For some proteins (e.g. ACBP), experimental groups intentionally focused their analysis on conserved residues. Third, there is no one-to-one correspondence between the φ-value and the participation in the folding nucleus: Neither a high φ-value implies greater contribution to stability of the transition state, nor do all residues in the nucleus have high φ-values (44, 49, 74, 117) . Several residues that have high and moderate φ are drugged into the transition state but are not very important for the stabilization of either transition or native states. That is, residues on the exposed side of the sheet in FKBP12 (74) diverging turn in SH3 (120), tenascin (44). These arguments show that similar levels of conservation in the low and high φ-value residues do not prove or indicate that the folding nucleus is no more conserved than the rest of the protein.
Is Folding Nucleus Conserved?
Why do we expect the folding nucleus to be more conserved than the rest of the protein? First, residues in the folding nucleus are conserved because they are important for stability of the native structure! In fact, in most of the studied proteins, the nucleus is a dense cluster of residues stabilized by either hydrophobic or hydrogen bonding interactions. Usually this cluster is part of the protein core that is more conserved because it provides stability to the native structure. Second, residues in the nucleus are conserved because they provide fast folding. If slow folding affects normal protein function (leads to aggregation, early proteolysis, etc) and, hence, results in a disadvantageous phenotype, then amino acids in the nucleus must be under additional evolutionary pressure. Even if the requirement to preserve protein folding rate is much weaker than the requirement to preserve protein stability, we expect the folding nucleus to be noticeably more conserved than the rest of the protein.
In order to check whether the folding nucleus is really conserved and to incorporate data from a few recent experiments, we performed an extensive study of conservation patterns in nine proteins: CI2, FKBP12, ACBP, CheY, Tenascin, CD2.d1, U1A, AcP, and ADA2h (L Mirny, E Shakhnovich, manuscript submitted). Five of them are the same as studied by Plaxco et al (91) .
In contrast to Plaxco et al, we (a) defined folding nucleus as it was identified by the original experimental groups (Table 1) , (b) grouped residues into classes to reflect the natural pattern of substitutions, (c) compared conservation of the folding nucleus with the conservation of all residues in the protein, and (d ) computed conservation (sequence entropy) as
where p i (l ) is the frequency of residues from class i in position l of multiple sequence alignment. Figure 5 presents a conservation profile for studied proteins with nucleation positions marked by filled circles. In contrast to the claim made by Plaxco and Although, on average, the nucleus is more conserved, not all nucleating residues are strongly conserved. For example, in CheY, two out of ten nucleation residues are not conserved. In ADA2h two out of five and in tenascin one out of four residues are not conserved. Although most nucleation residues in studied proteins (except AcP) are very conserved, some may not be either because they constitute an extended nucleus or because of limitations of our residue classification scheme that puts aromatic and aliphatic residues into two different groups, whereas aromaticaliphatic substitutions are relatively frequent in the core of some proteins (tenascin, ADA2h). Another interesting observation is that the only protein that exhibits no preferential conservation of the folding nucleus is AcP, which is the slowest folding protein among all studied two-state folding proteins (k f H2O = 0.23 s
−1
). Perhaps this protein did not experience evolutionary selection for faster folding, and hence, its folding nucleus is under no additional pressure to be conserved.
Note that, as expected, several other residues in studied proteins are as conserved as the nucleating ones. Those include residues of the active site, core hydrophobic residues responsible for stabilization of the native structure, and others. This indicates that although the folding nucleus is conserved, it cannot be uniquely identified by the analysis of a single protein family, as a pattern of conservation is dominated by residues conserved for protein stability and function (see 81 and next section). Thus, a consistent analysis should discriminate between residues that are conserved for functional, stability, and kinetic reasons (folding nucleus).
Universally Conserved Residues-Conservatism of Conservatism
Recently we suggested a method to find universally conserved positions in conservation patterns of several protein families aligned together (81) . The idea of the method is to analyze conservation profiles of protein families that belong to analogous proteins (proteins that share the same fold but have no evident sequence similarity and evolutionary relationship). For each family m we computed a conservation profile s m (l ) using Equation 3, and then averaged profiles over M analogous families that were structurally aligned to each other,
Because analogous proteins have unrelated functions, functional residues are usually located at different positions in the structure (except for the case of "supersite," see below). Then conserved functional residues of one protein are matched in the structural alignment with nonfunctional residues of the others, and conservation that originates from functional constraints is averaged out. Historic conservation (positions conserved because proteins in the family did not have enough evolutionary time to diverge) is also averaged out because different analogous families have unrelated evolutionary history. We showed that 80-90% of variations in the average profile S(l ) are explained by conservation driven by the stability of the native structure (see Figure 1 of 81) . In each studied fold, a few positions were much more conserved than expected from stability considerations alone. Those positions are apparently under some additional evolutionary pressure and are conserved in most of the proteins of this fold. Note that different families can place different amino acid types in each of those universally conserved positions. What makes these positions special is that the intrafamily conservation itself is conserved among the families. These positions are said to exhibit conservation-of-conservation (CoC).
This analysis for five major folds [immunoglobulin domain, OB-fold (β-barrel), Rossmanfold, α/β-plait, and TIM barrel] (81) revealed that each of them indeed featured positions with statistically significant CoC. Further analysis identified those positions as related to a functional supersite (TIM-barrel and Rossman fold), the folding nucleus (Ig fold, α/β-plait, and OB fold), or both (Rossman fold). The folding nucleus origin of CoC was confirmed experimentally for the Ig fold (44) and the α/β-plait (15, 121) .
The analysis also shows that folding rate selection, while noticeable, is relatively weak in comparison to selection on protein stability because most of the signal in the mean conservation profile is explained by stability. However statistically significant, CoC indicates the presence of selection on the rate of folding.
Perhaps the most convincing evidence for evolutionary selection of folding rates comes from the analysis of SH3 domains. Serrano and coworkers (75) studied φ-values for the α-spectrin SH3 domain, and Baker and coworkers carried out a similar φ-value analysis for src SH3 domain (41). Both authors found a position in the structure that exhibited an anomalous φ-value. I34 in src SH3 (and its structural analog in spectrin SH3) seemed to form strong nonnative interactions in the folding nucleus judged by its anomalous φ-value (3.9). I34 appears to be a kinetically, but not thermodynamically, important residue in src SH3. Simulations of the lattice model with side chains supported this interpretation, pointing out the importance of nonnative interactions in the folding nucleus (69) . Quite remarkably, I34 appeared to be under strongest evolutionary pressure as revealed by the CoC analysis (Figure 6; 69) . This observation constitutes the most direct evidence that evolutionary pressure controls the folding rate, as well as stability or function.
Recently Ortiz & Skolnick suggested using correlated mutations to predict kinetic "hot spots" (87a). The authors studied lattice proteins that were evolved to fold fast and for which folding nucleus was identified (80) . Ortiz & Skolnick found that correlated mutations between positions around the folding nucleus arise in a statistically significant manner. Qualitatively similar results were obtained for real proteins. Unfortunately, authors neither list hot-spot positions they found nor provide correlations of predicted and observed φ-values.
So CoC is still a method of choice when enough data are available because it can provide very specific indications of the folding nucleus. Unfortunately, the CoC analysis is very data demanding, and not all proteins have many known analogs and homologs to carry out the CoC analysis. To this end, attempts are made to determine folding transition state(s) at the atomic level of resolution from molecular dynamics simulations of individual proteins.
MOLECULAR DYNAMICS: Folding Pathways Inferred from Unfolding Simulations
Molecular dynamics (MD) makes it possible to study proteins at very high space and time resolution: An all-atom protein model moves, according to Newtonian laws, in a liquid of explicit water molecules. However, a high price is paid for such resolution. Simulations of no longer than 10-50 ns can be performed at current computer power (with the exception of a single study that reached the 1000 ns landmark; 31). Although 10 ns in time may be sufficient to observe hydrophobic effects, electrostatic screening, and friction, it is clearly not long enough to simulate either folding or unfolding under natural or mildly denaturating conditions. To speed molecular events, extreme conditions of more than 500-1000 K and high pressure are applied. Clearly at such conditions (close to conditions in a gun shell during firing), only the unfolding of a protein can be observed. Then to infer folding from unfolding trajectories, one has to rely on microscopic reversibility and reverse sequence of events observed in unfolding.
In spite of these problems and the fundamental ambiguity of force fields, MD simulations of high temperature unfolding were able to recover coarse-grained sequence of folding events consistent with experimental data on CI2 (66, 68) , SH3 (118), barnase (21) , lysozyme (55), segment B1 from protein G (113) , and other proteins (see 9, 20 for reviews). Unfortunately, most of these studies consider the sequence of (un)folding events on a scale of formation of secondary structure elements, melting of domains, or melting of the whole hydrophobic core, etc. Hence, contribution of an individual residue into kinetics of folding can hardly be evaluated directly.
However, Daggett and coworkers developed a method to reconstruct TSE from a small set of unfolding MD trajectories or even a single trajectory. The idea of the method is to find a region in the unfolding trajectory where the transition state is passed. Li & Daggett defined the transition state "as a small ensemble of structures populated immediately prior to the onset of a large structural change." To find the transition state, authors search for the "large structural change" in the unfolding trajectory: They project the multidimensional trajectory into two or three dimensions and then visually analyze the projection and protein structures along the trajectory. The "large structural change" is identified as a moment when the trajectory goes from one cluster of points to the other in the projection and when the major weakening of the hydrophobic core is observed in the structure. As the authors state themselves this method "is neither precise nor rigorous, making extensive comparison to experiment imperative."
After the transition state is identified, Li & Daggett computed two quantities φ M D and S that are compared with the experimental φ-values. Correlation of the structure index S with experimental φ-values for CI2 are reported to be 0.87. Note that the method of Li & Daggett relies heavily on the experimental information on the stage when the TSE is identified. So, it remains to be seen to what extent this method can predict experimental φ-values. The value of the MD, however, can be not in prediction of the experimentally observed quantities but in complementing the experimental information with the high accuracy structural details.
Li & Daggett analyzed a possible transition state for CI2 unfolding and suggested mutations that can stabilize the transition state and hence speed up folding. Ladurner et al tested these predictions with impressive results of substantial (up to 40 times!) increases in the rates of folding for the mutants (65) . Importantly, most other mutations in CI2 slow down folding. To complete the cycle, the authors performed MD simulations of the mutants and identified their transition states.
Another MD study of CI2 was performed by Lazaridis & Karplus who simulated 24 unfolding trajectories. While emphasizing the diversity of unfolding trajectories, they found, in accord with experiment, the disruption of tertiary interactions between the helix and a two-stranded portion of the β-sheet as the primary unfolding event. It is important to note that these authors used experimental information about φ-values in CI2 in order to determine the transition state in their simulations. Thus, it is difficult to say whether the observed correlation with experiment is a mere consequence of this fact or if simulations provided some nontrivial results.
A different approach to the analysis of the TSE was developed by Pande & Rokhsar. They simulated unfolding of a small 16-residue β-hairpin peptide at a somewhat realistic temperature (T = 400) and identified several metastable states populated during unfolding. They mapped the TSE between these metastable states using p fold analysis (see above). This approach is elegant, but it is not clear whether such a method can be used to determine TSE between globally folded and unfolded states in MD simulations, as no MD simulation is able to simulate full refolding. Another problem is that the metastable states that are relevant at low temperature folding events may not appear at high temperature unfolding trajectories (37a). The transition state itself can be sensitive to temperature, as it seems to be sensitive to denaturant concentration (36, 117) . Despite these limitations, this new method of identifying transition state is a promising alternative to human-and experimentguided approaches discussed above.
Success in reconstructing a folding picture consistent with experiment indicates that MD simulations can be helpful in interpreting experimentally observed φ-values and, perhaps, for their predictions in the future. The combination of experiment with MD simulation seems to be a promising approach, as MD complements the experimental picture of the transition state with atomic details and short-time (on the scale of folding) dynamics.
One, however, needs to be very careful inferring the sequence of folding events or the structure of transition state from very few high temperature unfolding trajectories. As more studies are being done, another major limitation of MD becomes apparent. A limited number of MD trajectories (<25) precludes consistent comparison with experiment where all observations are averaged over a huge ensemble of folding proteins (37a). Recently Kazmirski et al studied several unfolding trajectories of BPTI, CI2, and barnase (56). These authors developed a variety of techniques to compare trajectories. The main conclusion of this study is that unfolding trajectories do not follow a narrow path from the native state, but are rather diverse. However, when structures sampled in unfolding trajectories were characterized by a small (<10) number of properties (for example, radius of gyration and helix content), a common path can be observed for some proteins. In BPTI, however, even the order of secondary structure melting was different in different MD simulations, requiring a decrease in the resolution of analysis to a few coarse-grained properties. The only scenario common to all three proteins was that unfolding started from expansion of the core followed by fraying of secondary structure elements leading to the transition state, in accord with earlier predictions from analytical theory (109) . The transition state trajectories diverged very fast, sharing no commonality even in such a coarse-grained picture. This is consistent with the (inverse) description of the folding process that emerged in lattice simulation: stochastic search prior to the transition state (nucleus) and a directed pathway past the nucleus (2) . Another lesson of the study (56) is the danger of projecting high-dimensional trajectories on a small number of dimensions (24, 25) . While projections may appear similar, the actual trajectories can be very different and vice versa. The apparent similarity of trajectories can be a result of the selection of a projection axis that may not adequately describe the changes within the system. In summary, while MD operates on a very high resolution protein model at a cost of necessity to simulate unfolding at extreme conditions. In order to have a consistent interpretation of these results from multiple trajectories, one needs to sacrifice high resolution and get back to a low-resolution protein needed. This problem suggests that intermediate-resolution models that allow one to study thousands of folding trajectories at normal conditions may be promising.
ALL-ATOM MONTE-CARLO SIMULATIONS: Possible Folding Mechanism at an Atomic Level of Detail
An intermediate resolution model has been developed recently by Shimada, Kussell, and Shakhnovich (unpublished data). In this approach, all heavy atoms are represented as interacting hard spheres of various sizes corresponding to their van der Waals radii. This model includes all degrees of freedom relevant to folding-all side chain and backbone torsions-and uses a Go atom-atom potential that makes two atoms attract each other (when they are within a certain atom-type specific cutoff distance) if they are neighbors in the native state and repel each other otherwise. This energy function strongly favors the native state, making it the global energy minimum.
Folding dynamics is simulated using the Monte-Carlo technique. Using a small protein, crambin, 163 folding transitions from random coil to compact conformation, differing less than 1Å rms. with the native state, were recorded. The disulfide bonds were treated as normal Go-interactions (at the beginning, the protein was fully unfolded). By recording many folding events over a wide range of temperatures, a possible folding mechanism for crambin is obtained. Folding occurs via a cooperative first-order process, and many folding pathways to the native state exist. One particular sequence of events constitutes a fast-folding pathway where kinetics traps (due to chain misfolding and sidechain mispacking) are avoided. This pathway includes formation of an α-helical hairpin followed by a rate-limiting step of nucleation of a β-sheet, propagating to the full native structure with concurrent side chain packing. These results present a proof-of-principle for the possibility of a solution of a protein folding problem at an all-atom level, provided that one has a realistic all-atom potential energy function that correctly favors the native state. Several other small proteins (SH3 domains and the IgB binding domain) have also been folded using this approach. These simulations may provide an insight into folding mechanisms of small proteins at the atomic level of resolution.
CONCLUDING REMARKS
The protein folding field has undergone an interesting evolution since its inception in the 1960s. First, biochemical thinking dominated, with each protein viewed as a unique system that required a full atomic-level description of its folding pathway. The folding pathway itself was viewed as a sequence of microscopically welldefined events akin to a simple chemical reaction.
This view changed in the early 1990s when simplified analytical and lattice models demonstrated their power to explain several key aspects of protein folding, such as cooperativity, nucleation, and resolving the earlier paradigm known as the "Levinthal Paradox." A "new view" [term suggested by R. Baldwin (119) in appreciation of lattice model simulations reported in (101)] of protein folding as a statistical process emerged. This makes folding akin to phase transition-an analogy explored by many researchers from both thermodynamic and kinetic perspectives (11, 38, 58, 70, 88, 93, 98, 104, 108, 109, 111) . The phase transition analogy shifts the focus in addressing folding pathways from a microscopic, step-by-step description to the analysis of essential milestones on the pathway-the unfolded state, transition state, native state, and possible intermediates-viewing each of them as dynamic ensembles of conformations corresponding to local minima or saddle point(s) in the free-energy landscape. Those developments have brought experiment and theory closer together (35, 39) . A key lesson from these studies is the appreciation of certain aspects of universality in protein folding, suggesting that at a coarse-grained level of description, there is a small number of major scenarios and many proteins fall into one of them (79) .
However, most recently, models were developed that made it possible to simulate the folding of small proteins at atomic or near-atomic levels of detail. The success of these simulations came partly from the enhanced power of computers and, to a great extent, from a better understanding of the general principles of protein folding. Probably, we are entering a new era of folding studies that will elevate our understanding of folding to the atomic level of detail and will finally result in a search strategy and energy function that are powerful enough to predict structure from sequence at an atomic resolution of 1-2Å. This may finally render theoretical protein folding useful for application in functional genomics and drug design.
Visit the Annual Reviews home page at www.AnnualReviews.org Figure 1 Specific nucleus mechanism of protein folding. The free energy landscape is shown schematically as one-dimensional. Nucleus residues are shown schematically as blue space-filling residues. Conformations that do not have the nucleus assembled are precritical (shown in red ) and are committed to unfolding and long fluctuations in the unfolded state prior to the folding event (upper left panel ). Conformations that are past the free energy barrier have the folding nucleus assembled. Those PCCs are committed to rapid continuous folding without further major free energy barriers (right upper panel ). The separating set of conformations corresponding to the top of the free energy barrier is the transition state ensemble (TSE) whereby the nucleus is "almost formed". One of the conformations of the TSE is shown schematically in yellow. All representations in this figure are schematic. Each conformation shown (except the native state) is a member of a correspondingly broad ensemble. Inserts present degree of folding as a function of folding time for a typical folding trajectory.
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Figure 6
Structure of C-crk (both in blue) SH3 with proline peptide. Residues with high CoC and high conservatism across the families are shown in thick wire-frame. In magenta are residues with abnormal φ-values, I34 and W43. In red are residues L32, V35, and A45, all with high φ-values. In green are residues with low φ-values F10, A12, and V61. Residues that are not conserved between different families but have high CoC-Y14, F16, P57, and Y60-are shown in yellow. They contribute to the peptide binding pocket.
